The open-circuit potential of an electrochemitally grown iridium oxide film is measured and shows a pH sensitivity between -60 and -80 mV/pH. This sensitivity is found to depend on the state of oxidation of the iridium oxide Ghn; for a higher state of oxidation (or more of the oxide in the high valence state), the sensitivity is also higher. This high sensitivity can be explained on the basis of the extra proton release as a result of the acidic character of the porous hydrous oxyhydroxide, in combination with the redox behaviour.
Introductioo
Many research projects have already been carried out on the reversible redox reaction that may occur in iridium oxide. Several papers describe different ways of preparing iridium oxide; electrochemical oxidation of iridium by potential cycling causes the formation of the so-called AIROF (anodic iridium oxide film) [ 1-111, while O2 plasma reactive sputtering from an Ir target results in a SIROF (sputtered iridium oxide film) [ 12-171. Iridium oxide can also be prepared thermally either by decomposition at 450 "C of a dip-coated IrCl,.3H,O film [ 181 or by thermal oxidation of an iridium-carbon film evaporated on a substrate [ 19,201. Disagreement exists over the exact mechanism of the iridium oxide redox system; some authors claim proof for the electron injection-hydroxyl ion ejection mechanism [21] , while most others 0924-4005/90/$3.50 prefer the electron-proton double injection mechanism [2, 12, 22, 23] .
The main reason for the interest in iridium oxide stems from the application of this oxide in display devices, because of the electrochromic properties of the redox reaction [ 1, . Some papers mention the application of an iridium oxide electrode because of its catalytic properties for O2 and Cl2 gas evolution [23, 30, 31] . The chargestorage property of the oxide attracted the attention of a research group that tries to use an iridium oxide needle in nerve and muscle stimulation [35] , while others [32] tried to use an oxidized iridium needle because of its low electrode impedance to measure potentials in biological tissue. The application of iridium oxide as a pH-sensitive electrode resulted in several papers [5, 14, 33, 34, 36] .
The favourable sensor behaviour of the oxide at high temperature and at high pressure in aggressive environments, together with its low impedance look promising [15] . Drift in both offset and sensitivity, however, causes serious problems.
In this paper, the open-circuit potential-pH response of an AIROF wire electrode is measured and discussed as a function of the oxidation state of the iridium oxide. The response time to a pH step of an AIROF evaporated electrode is measured. Also, some measurements have been carried out on the drift behaviour of the wire electrode at constant pH.
From a technological point of view, AIROFs are easier to prepare than SIROFs and, for the latter, an expensive iridium sputter target is required. AIROFs can be grown both on iridium wires with varying diameter and on evaporated Ir films, whereas sputtering is limited to planar structures. Therefore, the research described in this paper is restricted to AIROFs.
Experimental
Experiments were carried out on an (electrochemically oxidized) Ir wire (Aldrich, 99.9%) with 0 Elsevier Sequoia/Printed in The Netherlands a diameter of 0.15 mm and length of approximately 2 cm, unless otherwise stated. The wire was clamped in a gold connector and rinsed with acetone, ethanol and distilled water and thereafter ultrasonically cleaned in distilled water for N 1 min. Then the wire was dipped in a vessel with 0.5 M H2S04 in such a way that only N 15 mm of the Ir wire was in contact with the acid. Electrochemical oxidation and characterization of the wire was carried out with a PAR 173 potentiostat and a PAR 276 controller, programmed with a personal computer. All potentials were measured and are mentioned relative to a saturated calomel reference electrode (SCE). The growth of the oxide film was accomplished by pulsing (e.g., [8, 9] ) of the potential between -0.25 and 1.25 V at 0.5 Hz. Between 25 and 500 of these potential pulses resulted in a charge exchange (as estimated from the cyclic voltammogram) of 1 to 20 mC/cmz calculated on the basis of the geometrical area.
The open-circuit potential-pH response was measured in either commercially available Electrofact buffers or in a NaH,POJH,BO,/citric acid buffer solution using an instrumentation amplifier with a very high input resistance (typically lOi sl). The pH was either controlled by the commercial pH buffers or by the addition of KOH to the above-mentioned phosphate/borate/citrate buffer solution, in which case it was measured with a glass electrode/pH meter (Radiometer PHM 83). The data of the drift measurements, carried out with the same set up, were sampled and stored in a computer. The temperature of the buffer solutions, stored at room temperature, was 21 f 2 "C.
The potential response to a pH step was measured at an electrochemically oxidized Ir film of 0.1 pm thickness evaporated on a Si02/Si chip, on top of Ti and Ag adhesion layers. The area of the iridium oxide film that was exposed to the solution was determined by a polyimide layer and measured 1 mm2. The chip was mounted on a small piece of printed circuit board while the edges of the chip and the contact wire were protected from the solution by epoxy. As indicated in Fig. 1 , the device was then taped on a reference electrode. The distance between the iridium oxide film and the tip of the reference electrode was -7mm.
The continuous flow of liquid between the film and the reference electrode tip assures electrical continuity. During an experiment, the potential of the AIROF was measured by the instrumentation amplifier and sampled by an A/D converter (Keithley system 570). The pH step was applied to the iridium oxide using a flow technique by switching a selection valve (Rheodyne type 50) between two vessels, one with a high and one with a low pH electrolyte. The flow ( N 5 ml min-*) was controlled by a conventional two-tube peristaltic pump (Gilson Minipuls 2) and squirted from a needle (inner diameter 0.3 mm) that was placed approximately 2 mm from the iridium oxide film.
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Oxide Characterization
The iridium oxide layer on the wire was characterized by cyclic voltammetry (CV). The very reproducible result is shown in Fig. 2 and is in agreement with CV curves of AIROF samples reported in other papers (e.g., [ 1, 2] ).
The geometric area in contact with the solution was -4.7 mm2. From the CV in Fig. 2 , the amount of charge that is exchanged during the reversible redox reaction of the oxide is estimated at 240 pm and so the charge exchange density AQ of this sample is approximately 5.1 mC/cm2. The evaporated Ir film showed, after electrochemical oxidation, the same features in the CV with a comparable charge exchange density after the same number of growth cycles.
Open-circuit Potential-to-pH Response
A typical open-circuit potential response of the oxidized iridium wire to the phosphate/borate/citrate buffer solution with added KOH is shown in Fig. 3 . Over a wide pH range, the potential response is measured. A linear line is fitted through the measurement data with a slope of -69 mV/ pH and a correlation coefficient of 0.9994.
These measurements have been carried out for five different states of the iridium oxide and the results are summarized in Table 1 .
The state of the oxide is reflected in the opencircuit potential at a certain constant pH; a higher potential corresponds to a higher valence oxide (or to a mixed oxide where the ratio of higher to It was noted during a series of measurements that the pH sensitivity changed as a function of the oxidation state of the iridium oxide lihn. In order to investigate this phenomenon, the oxide film was brought into a certain oxidation state (or a certain ratio between possible oxidation states) by applying a constant potential with a potentiostat for 2 min to the oxidized wire in a 0.5 M HzS04 solution. After this treatment the open-circuit potential was measured in three buffers of pH = 4.01, 6.98 and 9.18. Between each measurement the wire was rinsed with distilled water. The measurements were repeated and showed good reproducibility. Then another constant potential was applied to the same wire in order to change the oxidation state of the oxide, whereafter the potentials were measured again in the three pH buffers. lower valence oxide is high) and vice versa. So from Table 1 it is possible to construct a figure where the pH sensitivity is given as a function of the oxidation state. As a measure for the oxidation state, the (extrapolated) open-circuit potential at pH = 0 was chosen for two reasons: (1) The oxide is commonly characterized by a CV at pH = 0. (2) In the experiment, the oxide is forced into the oxidation state by a constant potential at pH = 0. To exclude the possible effect of drift, the potential from the extrapolated pH measurements as stated in Table 1 is used rather than the applied constant potential itself. The result is presented in Fig. 4 .
A comparable result was found for an electrochemically oxidized wire of another diameter (0.1 mm, 99.99%) in another buffer (the phosphate/borate/citrate buffer solution). Individual potential-to-pH response measurements showed a minimum sensitivity for the reduced state of approximately -60 mV/pH and Table 1 .
the maximum sensitivity found in the oxidized state was -79 mV/pH.
Response Time
In order to test the response time measurement set-up, an ISFET was used as a pH-sensing element. It is known from theory and experimental results [37] that the response of an ISFET to a pH step is very fast. The value found from theory is typically 2 ms. A pH step from 12 to 2 and vice versa was applied by using 0.1 M KNO, supporting electrolyte, set to the desired pH by adding KOH or HNO,. The result of this experiment is shown in Fig. 5(a) and (b) .
Switching of the selection valve causes a very short discontinuity in the flow, which can be observed in the ISFET signal as a sharp spike in high-and low-pH electrolyte occurs, causing the initial ( -0.1 s) slow response. The response time, defined as the time needed for 10% to 90% transition of the total potential step, measures -20 ms for the high-to-low pH step as well as for the low-to-high pH step. It may be concluded that this time constant is caused by the measurement set-up, because the response time of the ISFET is known to be much smaller than the value found in this experiment.
With this measurement set-up, the response time of a 1 mm2 electrochemically oxidized evaporated Ir film was measured. The results for a high-to-low pH step and vice versa are shown in Fig. 6(a) and (b) .
There is no good explanation for the irregularities in the step response other than that these are probably caused by the measurement set-up with the small diameter injection flow of 0.3 mm on the 1 x 1 mm sensor. The pH-sensitive gate area of an ISFET is much smaller and measures 15 x 500 pm, making the latter less dependent on pH differences in the flow caused by convection. The response time that is found, disregarding the slow drift-like behaviour after the step has been applied, is -0.35 s for both curves. The curves in Fig. 6(a) and (b) were measured with the oxide in the reduced state. The response time measured with the film in the oxidized state was essentially similar.
The mentioned results were measured for a device with a rather thick oxide film (200 growth cycles, AQ N 7 mC/cm'). In order to investigate the influence of the fihu thickness, the response time experiments were repeated at a thin oxide film (25 growth cycles, AQ N 1 mC/cm'). The results are shown in Fig. 7(a) and (b) .
The response time found for the high-to-low pH step is decreased by almost a factor of 10 with respect to that of a thick film and is now -40 ms. Even after several repetitions of the experiment, the best result obtained from the low-to-high pH step is still very poor, but the slope of the main part of the step also indicates a decreased response time compared to the thicker oxide film.
Drif Measurements
Drift measurements have been carried out for two different oxidation states, each at two pH values. As with the previous measurements, the oxidized iridium wire was brought into an oxidation state by applying a constant potential in a 0.5 M H,SO, solution, whereafter the wire was rinsed and placed in one of the two pH buffers and the measurements were started.
The results of the drift, recorded with the electrode in the solution in contact with air, for the first 3 h are shown in Fig. 8(a)-(d) , together with the end potentials of the same experiments after 17 h. The end potential of the AIROF in oxidized state coincides with the onset of reduction, as is indicated by an arrow in the cyclic voltammograms of Fig. 9 (a) and (b), measured in the corresponding pH buffers. The end potentials of the AIROF which is initially in the reduced state, however, correspond for both pH values with iridium oxide partly in the oxidized state. To find a possible mechanism for this oxidation, the drift measurements for the AIROF brought into reduced state were repeated, but now with the buffer solution in a nitrogen atmosphere.
The result of the measurements in pH = 4.01 is shown in Fig. 10 . After a few minutes, the potential reaches a stable value. This value coincides with the onset of oxidation, as can be concluded from Fig. 9(b) . After one hour, the nitrogen flow is stopped and the drift measurement is continued in air atmosphere. Then the AIROF apparently oxidizes and shows the same behaviour as in Fig.  8(c) . Therefore, under normal conditions, longterm drift behaviour of an AIROF can only sensibly be determined with the oxide in the oxidized state.
The long-term drift (over 15 h) in air atmosphere of an AIROF in the oxidized state in a pH = 4.01 buffer at 21 + 2 "C is ~0.3 _+ 0.1 mV/h.
Discussion
It is now widely accepted that the valence of the Ir ion during the reversible redox reaction (the main cathodic and anodic peak of Fig. 2 ) changes from Ir3+ to IP'. It has also been suggested that the electrochemically grown iridium oxide may possibly be a hydrated oxyhydroxide. There is, however, some disagreement concerning the exact stoichiometric composition of this oxyhydroxide. When only the valences of the involved ions are considered, it is easy to construct Table 2 , where ,a11 possible Ir3+ and IF+ non-hydrated oxyhydroxides and oxides with a maximum of two Ir ions per molecule are listed. Between the reduced and oxidized forms of the oxide or oxyhydroxide, many redox reactions are possible. The exact stoichiometric composition is difficult to determine, especially for the hydrous electrochemically grown film. However, all the possible reactions have in common that the redox reaction mechanism includes either one ejected proton or (more speculatively) one inserted hydroxyl ion per electron during oxidation. This should result in a pH sensitivity (at room temperature) of -59 mV/pH. This value is found for oxide formed by O2 reactive sputtering [ 14, 34, 361. However, the results presented here (and found elsewhere [5, 34] ) for an AIROF show a higher open-circuit pH sensitivity. This high pH sensitivity ( > I-591 mV/pH) is also found in the shift of the two main peaks of the cyclic voltammogram recorded in electrolytes of different pH. This shift is suggested to be caused by a change in the composition of the oxide during the CV scan by the redox reaction. This explanation, however, cannot be used to explain the high open-circuit pH sensitivity, because the composition of the film does not change during these measurements, as the very high input impedance of the instrumentation amplifier and the number of Ir ions present in the film prevent a significant change of the oxidation state. Therefore the explanation of the high open-circuit pH sensitivity ( -60 to -80 mV/pH) must be sought through mechanisms other than the redox reaction.
The results of the response time measurements at the thin AIROF show that the kinetics of the pH-sensitive mechanism itself are fast. The overall response time, however, is very much determined by the film thickness. This might indicate that the film is porous: some time is needed for the pH of the bulk solution to equilibrate with the solution in the pores of the hydrous film.
Hydroxylation of the oxide during growth of the porous, hydrous AIROF causes the presence of many hydroxyl groups. These groups can be considered as amphoteric sites, according to the site-binding theory, which can take up or release a proton, for example IrO( OH) ~$Ir0@+H+
(1) IrO(OH) + I-I + G= IrO(OH2) +
These reactions, which do not need electron transfer, may well be the cause of the deviation of the pH sensitivity from -59 mV/pH, as has already been pointed out by Burke and Whelan [4] . This can be illustrated by the following example; consider the redox system 21r(OH)3 + H,O G= Ir,O(OH), + 2H+ + 2e
The experiments to determine the open-circuit potential to pH response as described in the Experimental Section were carried out in a mildly acidic to alkaline solution. Then, the amphoteric character of the hydroxyl groups can be neglected, and the film can be considered only as an acidic oxyhydroxide, each state of the film having its own degree of proton dissociation, for example (4) and (5) 
The pH sensitivity of this system is, according to the Nernst equation, (-3/2)(RT/F) = -88.5 mV/pH at room temperature. This example indicates the theoretical possibility of a sensitivity > I-591 mV/pH.
The different measured sensitivities mentioned in Table 1 are believed to be caused by a mixed potential from the two different states of the oxyhydroxide present in the AIROF, the reduced form having a less acidic character than the oxidized form. Depending on the oxidation state of the film, one of the forms is dominant and mainly determines the pH-sensitive behaviour. The oxidation state also determines the composition of the film that causes the electrode potential shift at a fixed pH, as summarized in Table 1 .
As Burke and Whelan [4] have already pointed out, this phenomenon is not a manifestation of super-Nemstian behaviour, as it is often incorrectly called; the pH sensitivity of > I -591 mV/pH can be fully explained by the Nemst equation because Nemstian behaviour only describes the relation between the electrode potential and the activity of the involved species and is no synonym for -59 mV per decade.
It is interesting to compare the high pH sensitivity of AIROFs with the sensitivity of -59 mV/ pH found for SIROFs [ 14, 34, 36] . The anhydrous, compact, almost non-hydroxylated sput-tered iridium oxide does not show the extra,effect caused by the dissociation of internal hydroxyl groups as is assumed to be the case for the AIROF. The result of the drift measurements shows that iridium oxide in a solution in contact with a nitrogen atmosphere is electrochemically stable in any state between totally reduced and totally oxidized. When in the oxidized state, the small initial drift of the oxide potential, shown in Fig. S(b) and (d), is believed to be caused by the partial discharge of the double-layer capacitance, which continues until the potential corresponding with the onset of Faradaic processes is reached, i.e., the reduction peak in the cyclic voltammogram, where the potential stabilizes in this highimpedance open-circuit drift measurement.
The oxidation of the reduced AIROF in a solution in contact with air can be understood by considering the possible reduction reactions of dissolved O,, leaving out the intermediate species H,O,:
or 02+2H,0+4e= 40H-(at high pH)
These reduction reactions can readily consume the electrons supplied by the oxidation reaction (3), resulting in the following net reaction: 4Ir( OH), + O2 e 2Ir,O( OH),
The oxidation of the AIROF cannot occur when dissolved oxygen is absent, as can be concluded from reaction (9). This is in agreement with the result of the measurements in a nitrogen atmosphere shown in Fig. 10 .
Conclusions
The measurement results of the response time of the AIROF electrode potential to a pH step confirm the porous, hydrous nature of this film.
The measured open-circuit potential to pH response shows a pH sensitivity of > I-591 mV/pH. This phenomenon is explained by the acidic character of the oxyhydroxide; the protons released by the internal hydroxyl groups in the film add up to the protons involved in the redox equilibrium, resulting in a sensitivity of > I-591 mV/pH.
The measured pH sensitivity of the AIROF in the reduced state is approximately -60 mV/pH, gradually increasing to -80 mV/pH for the AIROF in the fully oxidized state. Therefore, it may be concluded that the degree of dissociation of the hydroxyl groups depends on the oxidation state of the film.
The AIROF in the reduced state slowly oxidizes in .a bulier solution in air atmosphere due to the dissolved oxygen, whereas a pre-oxidized AIROF under the same conditions showed a stable potential with a long-term drift of < 0.3 f 0.1 mV/h.
Concerning the practical use of an AIROF as a pH sensor, one should bear in mind that the electrode potential is also sensitive to the concentration of oxygen dissolved in the solution. When the oxygen concentration is constant and the AIROF is connected to an instnunentation amplifier in such a way that the electrode remains oxidized, then the use of the AIROF as an absolute pH sensor with an accuracy of ~0.1 pH between pH = 2 and pH = 11 for many hours in the solutions mentioned may well be possible, as further research might prove. Its small response time, large range, high sensitivity and ease of use open the possibility of using the sensor successfully as an equivalence point detector in acidbase titrations [ 381.
